Recently there has been intense and growing interest in the non-thermal biological effects of nanosecond electric pulses, particularly apoptosis induction. These effects have been hypothesized to result from the widespread creation of small, lipidic pores in the plasma and organelle membranes of cells (supra-electroporation) and, more specifically, ionic and molecular transport through these pores. Here we show that transport occurs overwhelmingly after pulsing. First, we show that the electrical drift distance for typical charged solutes during nanosecond pulses (up to 100 ns), even those with very large magnitudes (up to 10 MV/m), ranges from only a fraction of the membrane thickness (5 nm) to several membrane thicknesses. This is much smaller than the diameter of a typical cell ($16 lm), which implies that molecular drift transport during nanosecond pulses is necessarily minimal. This implication is not dependent on assumptions about pore density or the molecular flux through pores. Second, we show that molecular transport resulting from post-pulse diffusion through minimum-size pores is orders of magnitude larger than electrical drift-driven transport during nanosecond pulses. While field-assisted charge entry and the magnitude of flux favor transport during nanosecond pulses, these effects are too small to overcome the orders of magnitude more time available for post-pulse transport. Therefore, the basic conclusion that essentially all transmembrane molecular transport occurs post-pulse holds across the plausible range of relevant parameters. Our analysis shows that a primary direct consequence of nanosecond electric pulses is the creation (or maintenance) of large populations of small pores in cell membranes that govern post-pulse transmembrane transport of small ions and molecules.
Introduction
In the past decade there has been intense and growing interest in the effects that extremely short duration (<$1 ls), large magnitude (10-100 kV/cm) electric pulses have on cells [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The effects reported in response to these pulses, such as apoptosis [1] [2] [3] [4] [5] 8, 13, 14, 16] , are generally not seen in response to conventional electroporation pulses and are thought to occur due to electroporation of the plasma membrane and organelle membranes and resultant transport of ions and molecules through these membranes.
To understand and potentially optimize and exploit these nanosecond pulse effects for therapeutic purposes, we must therefore gain a better understanding of the molecular and ionic transport that results from short pulses. To that end, here we address a basic question: When does transmembrane transport predominantly occur for these pulses, during or after pulsing?
We show that the transmembrane transport facilitated by short pulses is dominated by small and weakly charged solutes (due to small pore size and associated hindrance and partitioning) and occurs almost entirely after pulsing. This result, along with experimental observations that large numbers of nanosecond pulses (of order 10-1000) are required to achieve significant effects [5, 8, 9, 13, 17] , suggests that a primary mechanism by which nanosecond electric pulses affect cells is through the creation (or maintenance) of large populations of small pores that enable post-pulse transmembrane transport of small ions and molecules.
Methods
Here we consider approximate descriptions of molecular transport, first based on bulk electrolyte and then on additional estimates that involve pore properties. Our analysis is intentionally simplified, seeking general insight that is essentially independent of cell details.
Pore creation, expansion, and destruction
Electroporation is a phenomenon in which pores form in lipid bilayers in response to large transmembrane voltage Du m [18] . Elevated Du m drives both pore creation and subsequent pore 0006-291X/$ -see front matter Ó 2011 Elsevier Inc. All rights reserved. doi:10.1016/j.bbrc.2011.06.171 expansion. However, for nanosecond time scale pulses with magnitudes on the order of several megavolts-per-meter, pore creation predominates in rapidly driving Du m down to a level ($0.5 V) at which pore creation and expansion effectively cease [7, 15] . As a result, there is very little pore expansion for these pulses [7, 12, 15] , and pores accumulate near pore radius r p = r p,min % 0.8 nm [19] , the radius at which there is an energy minimum when Du m < $0.5 V [15, 20] .
Rapid pore creation results in the establishment of a large pore density N in the cell membranes. For short pulses with megavoltper-meter magnitude, N may reach values up to $5 Â 10 16 pores/ m 2 within a few nanoseconds [6, 11] . In our analysis here, the value of N is unimportant and it is sufficient to assume that the initial pore density N = N 0 is established immediately and remains constant for the duration of the pulse. Post-pulse, N(t) is assumed to decay with an exponential resealing time constant (pore lifetime) s p :
Reported values for s p vary widely, from fractions of a second [21, 22] to minutes [23] . Here we use s p = 1 s.
Molecular transport in bulk electrolyte
Molecular transport in bulk electrolyte occurs by unhindered electrodiffusion, the combination of electrical drift and diffusion. The electrodiffusive flux J s is described by [15, 24] 
Here, c is solute concentration, u is electric potential, D s is solute diffusivity, z s is solute charge (valence), q e is elementary charge, k is the Boltzmann constant, and T is absolute temperature. The first term in Eq. (2) describes the flux of solute resulting from a gradient in concentration (diffusion), and the second term describes the flux of solute resulting from a gradient in electric potential (electrical drift).
During the application of a large electric field, molecular transport (for charged solutes) is dominated by electrical drift. The speed v drift at which solute drifts in the presence of an applied electric field with magnitude E is [15, 24] 
In time t, the solute drifts distance d drift :
In the absence of an applied electric field (e.g., following the application of an electric pulse), molecular transport is dominated by diffusion.
Molecular transport through pores
The electrodiffusive flux equation (Eq. (2)) for bulk electrolyte can be adapted to describe electrodiffusion through pores (Fig. 1) by scaling the flux J s by the hindrance factor H and the partition factor K [15, 25] . That is, the flux J s,p through a pore is related to the flux J s calculated using bulk electrolyte assumptions (Eq. (2)) by
The hindrance factor H (0 6 H 6 1) is a function of solute size and pore radius and accounts for the effect that the finite size of a solute has on its interaction with and movement through a pore [15, 25, 26] . H ? 0 (transport is significantly impeded) when the solute size approaches the pore size, and H ? 1 (transport is not significantly impeded) when the solute size is much smaller than the pore size. Here we use the quantitative characterization of hindrance described in Refs. [15, 25] .
As examples, consider the hindrance factors for yo-pro-1 and propidium for the approximate radius of a minimum-size pore, r p,min = 0.8 nm. Yo-pro-1, which can be approximated as a cylinder with radius r s = 0.53 nm and length l s = 1.71 nm [15, 27] , has H(r p,min ) = 4.0 Â 10
À3
. The larger propidium, which can be approximated as a cylinder with radius r s = 0.69 nm and length l s = 1.55 nm [15, 27] , has smaller H(r p,min ) = 8.3 Â 10
À5
. H(r p,min ) ( 1 for both solutes, and therefore hindrance greatly diminishes their transport through minimum-size pores.
The partition factor K (0 6 K 6 1) is a function of solute charge, pore radius, and transmembrane voltage [15, 19, 25] and accounts for the effect that the solute charge has on its interaction with and transport through a pore in a low dielectric constant material (e.g., lipid). Here we use the quantitative characterization of partitioning described in Refs. [15, 25] .
To first order, partitioning only affects charged molecules, and thus K = 1 (transport is unimpeded by partitioning) for z s = 0. For z s -0, K ? 1 (transport is less impeded) as r p increases or Du m increases, and K ? 0 (transport is more impeded) as r p decreases or Du m decreases. For any given r p and Du m , K is smaller for solutes with larger |z s | [15, 25] .
Again, consider a minimum-size pore (r p,min = 0.8 nm). At
, and K(±4) = 2.6 Â 10 À6 [15, 25] . At a much larger (supra-physiological) Du m = 1 V, K(z s ) for these same z s are K(0) = 1, K(±1) = 0.91, K(±2) = 0.83, K(±3) = 0.74, and K(±4) = 0.65 [15, 25] . (Note that yo-pro-1 and propidium both have charge z s = +2 [15, 27] ). Thus, partitioning impedes transport through pores much more significantly when Du m = 0 V (e.g., post-pulse) than when Du m = 1 V (e.g., during pulsing).
In the results and analysis that follow, we characterize transport during a pulse by partition factor K during and characterize transport after a pulse by partition factor K after . K during is calculated for r p = r p,min = 0.8 nm and Du m = 1.5 V, approximately the maximum Du m reported for experimental [28] and electroporation model [6, 7, 11, 12, 14, 29] results. K after is calculated for r p = r p,min = 0.8 nm [15, 25] . The transport of a charged molecule in bulk aqueous electrolyte depends on its diffusivity D s and, in the presence of an electric field, its charge z s [15, 24] . Transport through a pore also depends on the size and shape of the molecule, which determine hindrance, and the charge of the molecule, which determines partitioning [15, 25] .
and Du m % 0 V, the transmembrane voltage that persists for many multiples of s p following a large electric pulse [11] .
Results and discussion

Electrical drift distance during short pulses
The electrical drift distance d drift (Eq. (4)) provides an intuitive means for understanding why molecular uptake during short pulses must be extremely small: If molecules drift only a short distance during a pulse, then it is not possible for many molecules to enter a cell. This is clear in Fig. 2 .
Consider a circular plane with area A cell /2 (area of one side of a cell with total area A cell ) in a standard pulsing medium containing a fluorescent probe (e.g., propidium). An electric field of magnitude E pulse is applied normal to the plane for duration t pulse . The distance d drift through which solute molecules with diffusivity D s and charge z s drift during the pulse is (from Eq. (4)).
For short pulses, d drift is incredibly small. As an example, consider propidium (D s = 42.8 Â 10
À11 m 2 /s, z s = +2 [15, 27] ). For an ap- 
Here, r cell is the radius of a cell with area A cell . Again taking propidium as an example and using a typical r cell = 8 lm, in the limit of the membrane posing no barrier to transport, c i /c e % 2.0 Â 10
À4
immediately following a 4 ns, 8 MV/m pulse [9] and c i / c e % 3.6 Â 10 À3 immediately following a 60 ns, 9.5 MV/m pulse [28] . This is orders of magnitude less transport than can be achieved by conventional electroporation pulses [30] .
Moreover, this bound does not consider limited aqueous pore area (<$0.1 [11] ), hindrance ($8 Â 10
À5
), or partitioning ($0.9). Accounting for these factors, the transport would be $5 orders of magnitude smaller. Fig. 3 shows the drift distance d drift for a wide range of pulse durations and magnitudes. For illustrative purposes, d drift was calculated using D s = 40 Â 10 À11 m 2 /s (typical of small fluorescent probes [15, 27] ) and charge |z s | = 1. The results can easily be scaled for other z s by considering that d drift / z s (Eq. (6)).
Molecular uptake during short pulses
Here we extend the bulk electrolyte estimates by explicitly considering basic properties of small pores. The number of molecules M during entering a cell during a short pulse can be approximated by
where d drift is the drift distance during the pulse (Eq. (6)), c e is the extracellular concentration of solute, H is the hindrance factor, K during is the partition factor during the pulse, N 0 is the pore density in the plasma membrane, and A p (=pr p 2 ) is the aqueous area of a single pore. The first grouped factor, d drift c e , is the number of solute molecules that drift through a region of unit area during the pulse. The second grouped factor, A cell A p N 0 , is the total area of pores in the plasma membrane due to pulsing. The third grouped factor, HK during , is the factor by which hindrance and partitioning diminish transport. The 1/2 prefactor accounts for the fact that electrical drift is only directed into the cell for one of its sides. 
Molecular uptake after short pulses
The number of molecules M after entering a cell after a short pulse (post-pulse) can be approximated by
where N(t) = N 0 exp(Àt/s p ) (Eq. (1)), c i is the intracellular concentration of solute, s p is the pore resealing time constant, K after is the partition factor after the pulse, and all other variables are as previously defined. The pore density N(t) is the only time-dependent quantity.
We can assume c i % 0 molecules/m 3 because very little molecular transport has been observed following short pulses [9] , and even for longer pulses that result in more transport c i ( c e [31] .
Taking these considerations into account, Eq. (9) can be simplified to
The form of Eq. (10) factor, A cell A p N 0 , is the total area of pores in plasma membrane immediately following the pulse. The third grouped factor, HK after , is the factor by which hindrance and partitioning diminish transport.
Molecular uptake during versus after short pulses
Assuming drift dominates during a pulse and diffusion dominates after a pulse, the ratio of transport during a pulse to after a pulse can be determined from Eqs. (8) and (10):
Substituting for d drift (Eq. (6)) and simplifying,
Note that M during /M after is independent of H and N 0 . Fig. 4 shows the ratio of molecular uptake during a pulse M during to molecular uptake after a pulse M after for a range of pulse durations and magnitudes. The transport ratio is shown for |z s | values of 1, 2, 3, and 4 because the partition factors K during and K after are functions of solute charge z s [15, 25] . For all of the conditions considered, M during /M after ( 1. M during /M after is particularly small for the smaller |z s | values. For any given |z s |, M during /M after is largest for the pulse with t pulse = 100 ns and E pulse = 10 MV/m. For this pulse, M during /M after is 1.8 Â 10 À7 for |z s | = 1, 3.2 Â 10 À6 for |z s | = 2, 2.7 Â 10 À4 for |z s | = 3, and 0.12 for |z s | = 4. Consideration of the grouped factors in Eq. (12) provides insight into why M during /M after is so small. The first, q e |z s |E pulse d m /kT, is the ratio of drift flux to diffusive flux over a distance d m . This factor depends on |z s | and E pulse and is somewhat larger than 1 for typical (relevant) values of these parameters. For example, with |z s | = 1 and E pulse = 10 MV/m, the factor is $19. Thus, this factor favors transport during the pulse.
The second grouped factor in Eq. (12), K during /K after , is the ratio of the partition factor during a pulse to the partition factor after a pulse. This factor depends strongly on |z s | and is always larger than 1 (field-assisted charge entry) [15, 25] . The factor is 1. The third grouped factor in Eq. (12), t pulse /s p , is the ratio of the pulse duration to the pore resealing time constant. This factor is much smaller than 1. Here we consider pulses with durations t pulse <$100 ns, but s p = 1 s. Therefore, the ratio t pulse /s p < 10
À7
, and it dominates.
Thus, while the drift flux (during a pulse) exceeds the diffusive flux (after a pulse) over distance d m and the partition factor during a pulse exceeds, sometimes dramatically, the partition factor after a pulse, these factors simply are too small to compensate for the tiny ratio t pulse /s p . In other words, the flux of solute into a cell during a pulse exceeds the flux of solute into a cell after a pulse, but because the duration of a short pulse is so much shorter than the recovery period after a pulse, the vast majority of transport takes place after the pulse.
Effects of the minimum-size pore radius and resealing time constant values
The value used for the minimum-size pore radius r p,min is important because it affects M during /M after (Eq. (12)) through the partition factors K during and K after [15, 25] . Glaser et al. [19] reported that r p,min is in the range 0.6-1.0 nm, and the average of r p,min = 0.8 nm has been widely used in mathematical models of Fig. 4 . Molecular uptake during versus after short electric pulses. The ratio of molecular uptake during a pulse M during to molecular uptake after a pulse M after is shown for a range of pulse durations t pulse and magnitudes E pulse . The transport ratio is shown for solute charge values |z s | of (A) 1, (B) 2, (C) 3, and (D) 4. Note that only the z-axis (colormap) changes with |z s |, and thus the same plot applies for all |z s |. The ratio M during /M after is proportional to t pulse and E pulse and is smaller for smaller values of |z s |. For all of the conditions considered, M during ( M after .
electroporation (e.g., Refs. [12, 32] ). According to Barnett et al. [20] , packing constraints require that r p,min > $0.7 nm, and they used r p,min = 1.0 nm in their model. In a recent study [15, 25] in which we analyzed the bilayer lipid membrane conductance measurements by Melikov et al. [21] , we found r p,min % 1.0 nm. Nonetheless, in the interest of taking a conservative approach, here we employed the widely used r p,min = 0.8 nm.
The extent to which changing r p,min affects K during /K after (and therefore M during /M after ) depends on the solute charge z s . For |z s | = 4, decreasing r p,min to 0.7 nm increases K during /K after by a factor of 36, and increasing r p,min to 0.9 nm decreases K during /K after by a factor of 12. The effect of changing r p,min on K during /K after for smaller |z s | is much less significant. Thus, using other larger or smaller values of r p,min would not affect our general conclusion that M during ( M after .
The value used for the pore resealing time constant s p is also important because it directly affects M during /M after (Eq. (12) 
Conclusions
This analysis strongly suggests that the vast majority of molecular transport that results from nanosecond electric pulses (<$100 ns) occurs post-pulse. Indeed, the transport during these pulses appears to be negligible. While simplifying assumptions were made in this analysis and some uncertainty exists in a few of the parameters, the overall estimates appear conservative.
We therefore conclude that a primary consequence of extremely large, nanosecond electric pulses is the creation (or maintenance) of large populations of small membrane pores that facilitate post-pulse transmembrane transport of small ions and molecules.
